Low serum 25-hydroxyvitamin D (25(OH)D) levels are associated with risk factors for cardiovascular disease, and they also appear to predict later development of type 2 diabetes, cancer, and an increased mortality rate. These predictions are all based on a single 25(OH)D measurement, but so far there are no known reports on tracking of serum 25(OH)D levels. In the present Norwegian study, serum 25(OH)D levels were measured 1) in 2,668 subjects in the 1994 and 2008 Tromsø surveys and 2) every third month for 1 year in 94 subjects randomly assigned to placebo in a vitamin D intervention study. The importance of vitamin D for skeletal health is well established (1, 2) . Recently, receptors for 1,25-dihydroxyvitamin D, which is the active form of the vitamin (2), have been demonstrated in tissues not related to calcium metabolism, indicating a broader range of biologic effects (3). Accordingly, low serum levels of 25-hydroxyvitamin D (25(OH)D), which is the storage form of the vitamin and the one used to evaluate a subject's vitamin D status (2), appear to be associated with risk factors such as blood pressure (4), blood glucose (5), and adiposity (6). Recently, several papers have also been published on the predictive value of serum 25(OH)D regarding later development of hypertension (7), cardiovascular disease (8), type 2 diabetes (9), cancer (10-13), and even mortality rate (14, 15) . In most of these studies, only one 25(OH)D measurement in each individual was available at baseline, and repeated 25(OH)D measurements were not performed during the follow-up period. The predictive value of 25(OH)D has therefore been based on the assumption that an individual's serum 25(OH)D level is relatively stable over time.
The importance of vitamin D for skeletal health is well established (1, 2) . Recently, receptors for 1,25-dihydroxyvitamin D, which is the active form of the vitamin (2) , have been demonstrated in tissues not related to calcium metabolism, indicating a broader range of biologic effects (3) . Accordingly, low serum levels of 25-hydroxyvitamin D (25(OH)D), which is the storage form of the vitamin and the one used to evaluate a subject's vitamin D status (2) , appear to be associated with risk factors such as blood pressure (4), blood glucose (5) , and adiposity (6) . Recently, several papers have also been published on the predictive value of serum 25(OH)D regarding later development of hypertension (7), cardiovascular disease (8) , type 2 diabetes (9), cancer (10) (11) (12) (13) , and even mortality rate (14, 15) . In most of these studies, only one 25(OH)D measurement in each individual was available at baseline, and repeated 25(OH)D measurements were not performed during the follow-up period. The predictive value of 25(OH)D has therefore been based on the assumption that an individual's serum 25(OH)D level is relatively stable over time.
However, to our knowledge, no reports on tracking of serum 25(OH)D levels exist. Because serum 25(OH)D can safely be stored at À70°C for years (16, 17) , we had the opportunity to address this issue by measuring 25(OH)D in 1994 and 2008 serum samples from 2,668 Norwegian individuals participating in The Tromsø Study. To evaluate changes occurring during a shorter period of time, serum 25(OH)D was measured every third month for 1 year in 94 subjects who received placebo while participating in a 1-year intervention study. All these serum 25(OH)D measurements were performed with the same assay and during the same time period to minimize effects of assay changes, which can be a problem when comparing serum 25(OH)D measurements made years apart (18) .
MATERIALS AND METHODS

The Tromsø Study
The Tromsø Study, conducted by the University of Tromsø in cooperation with the National Health Screening Service, is a longitudinal, population-based, multipurpose study focusing on lifestyle-related diseases (19) . In the fourth survey in 1994-1995 (hereafter referred to as 1994 for simplicity), 27,158 persons participated, providing an attendance rate of 77% among eligible inhabitants. All men aged 55-74 years, all women aged 50-74 years, and a 5%-10% sample of the remaining age groups between 25 and 84 years were preselected to participate in a second phase of the survey, and 7,965 persons (78% of those invited) attended (20) . Sera from this second phase were stored for later analyses. In the sixth survey performed in 2008, 19,762 subjects were invited; 12,984 attended.
In both the 1994 and 2008 surveys, the participants completed questionnaires on lifestyle factors, including use of cod liver oil, use of vitamin D supplements, and smoking. A physical activity score was calculated by adding hours of moderate and hard physical activity per week, giving hard activity double weight. In 1994, the questions included activity also during working hours, whereas the questions in 2008 covered activity during leisure time only. Height and weight were measured with participants wearing light clothing and no shoes. Nonfasting blood samples were drawn. Blood pressure, pulse, serum total cholesterol, and triglycerides were measured, as previously described (20) .
Intervention study
The primary endpoint of this study was weight reduction after supplementation with vitamin D (21) . Males and females aged 21-70 years and with a body mass index of 28.0-47.0 kg/m 2 were included. Any previous supplements with calcium and vitamin D (including cod liver oil) were discontinued, and all subjects were given a daily 500-mg calcium supplement (Nycoplus Calcium; Nycomed, Oslo, Norway) throughout the 1-year intervention period. The participants were given oral information and written recommendations on healthy diet and physical activity. The subjects were randomly assigned to 40,000 IU of cholecalciferol per week, 20,000 IU of cholecalciferol per week, or placebo. The latter group was included in the present analysis. Blood samples to determine 25(OH)D were drawn at baseline and after 3, 6, 9, and 12 months. The trial was registered at ClinicalTrials.gov (NCT00243256).
Serum 25(OH)D measurements
Sera from 1994 were stored at À70°C and, after a median storage time of 13 years, were analyzed for 25(OH)D, whereas sera from 2008 were analyzed consecutively. The sera from 1994 and 2008 were analyzed in the same time period. Sera from the intervention study were analyzed in batch after a storage time of 2-30 months at À70°C. Serum 25(OH)D 3 was measured by immunometry (electrochemiluminescent immunometric assay) using an automated clinical chemistry analyzer (Modular E170; Roche Diagnostics GmbH, Mannheim, Germany). The total analytical coefficient of variation for the vitamin D assay was 7.3% as recorded by measuring a donor control (65.0 nmol/L) consecutively during the analytical period using a quality management program (QM; Tieto Enator, Helsinki, Finland). The cross-reactivity with 25(OH)D 2 was less than 10%, and the analytical sensitivity was 10 nmol/L. At present, the laboratory has no reference values for 25(OH)D, but the manufacturer provides a populationbased reference range of 27.7-107.0 nmol/L for adults as a guideline. This analysis was approved by the Norwegian Accreditation Authority. Because this method seems to overestimate serum 25(OH)D in smokers, we chose to exclude current smokers from the analyses.
Statistics
Normal distribution was evaluated with visual inspection of histograms and determination of skewness and kurtosis. All variables used as dependent variables were considered normally distributed.
Values Unless otherwise stated, all data in this paper are expressed as mean (standard deviation (SD)). All tests were 2-sided, and P < 0.05 was considered statistically significant. Statistical analyses were performed with SPSS version 15.0 software (SPSS Inc., Chicago, Illinois).
Ethics
Both studies were approved by the regional ethics committee. All participants gave written informed consent prior to the study.
RESULTS
The Tromsø Study
In 1994, 7,168 subjects had 25(OH)D measurements. A total of 2,337 were smokers and hence were excluded. Among the remaining 4,831 subjects, 2,712 had serum 25(OH)D measurements in 2008, 44 of whom had started smoking. Thus, 2,668 subjects remained for the present analyses. The baseline characteristics of these subjects in 1994 and 2008 are shown in Table 1 .
There was a seasonal variation in serum 25(OH)D levels in both 1994 and 2008, with higher levels in the summer than during the winter. Thus, in 1994, the serum 25(OH)D levels in August and February were 60.6 nmol/L (SD, 18. In a multiple linear regression model, body mass index, physical activity score, and intake of cod liver oil and/or vitamin D supplements were significant predictors of serum 25(OH)D at baseline, whereas delta body mass index, delta physical activity (as z scores), and change in intake of cod liver oil and/or vitamin D supplements were predictors of delta z score for serum 25(OH)D (Table 4 ). In this model, age was not a significant predictor. However, if subjects older than age 65 years in 1994 were compared with those who were younger, the older subjects had a decrease in serum 25 
Intervention study
As previously described in detail (21) , 445 subjects were included and 149 were randomly assigned to placebo. Ninety-four of these subjects (aged 52.5 years (SD, 9.2), 34 males and 60 females) were nonsmokers and completed the 12-month study period. At baseline and after 12 months, their serum 25(OH)D levels were 52.4 nmol/L (SD, 15.6) and 50.0 nmol/L (SD, 14.0), respectively. The corresponding body mass index values were 35.2 kg/m 2 (SD, 4.1) and 35.3 kg/m 2 (SD, 4.6). There were highly significant 
DISCUSSION
In the present study, we found, in a general population, the correlation between serum 25(OH)D levels from 1994 and 2008 to range from 0.39 to 0.52 depending on the method of calculation. In a 1-year intervention study, the correlation between serum 25(OH)D levels at baseline and after 12 months was 0.80 for subjects in the placebo group.
The higher correlation in the intervention study was to be expected for several reasons. First, that study lasted only 1 year, and, obviously, the closer the times of measurement, the better the correlation. The measurements 1 year apart also eliminated the effect of season, and, in this 1-year study, the effect of season was even more important than a short time between the measurements. Thus, the correlation between baseline and 6 months in the intervention study was only 0.55, or close to that seen in the general population when only those subjects with samples drawn during the same season in 1994 and 2008 were included.
In epidemiologic studies, tracking is used to describe the stability of a characteristic over time (22) . If the variable is a risk factor with a high tracking coefficient, a single measurement can be used to identify subjects at risk and to start prophylactic treatment. Generally, the tracking correlation is highest for characteristics with the lowest measurement error, such as body mass index, and is lowest for lifestyle factors that are difficult to measure, such as nutrient intake (23) or physical activity (24) . For serum 25(OH)D, the correlation between values from 1994 and 2008 was similar to that seen for cardiovascular risk factors such as blood pressure and lipids (25, 26) but was much lower than for body mass index, as observed in our study. If a low serum 25(OH)D level is a risk factor for future diseases, as has been suggested (27) , it would strengthen the need for treatment if those with the lowest levels remained at low levels over time. That was the case in our study; 75% of those with serum 25(OH)D levels of less than 30 nmol/L had serum 25(OH)D levels of less than 50 nmol/L 14 years later. Similarly, 87% of subjects with serum 25(OH)D levels higher than 79 nmol/L had serum 25(OH)D levels higher than 50 nmol/L 14 years later. Accordingly, measured levels of serum 25(OH)D are likely to persist in individuals.
Although the study was not designed to evaluate predictors of change in serum 25(OH)D levels over time, observing that changes in serum 25(OH)D corresponded to changes in the known predictors (2) adds external validity to the study. Thus, serum 25(OH)D level is mainly the result of sunlight exposure and intake of vitamin D (2), and one would therefore expect season to affect the serum levels and that the correlation between measurements to be highest if sera were drawn at similar times of the year. In our study, both of these relations were found. We included a physical It is known that production of vitamin D in the skin is reduced with age (2). Accordingly, a decrease in serum 25(OH)D levels over time should be found in the older compared with the younger subjects. We observed a difference in change from 1994 to 2008 of 2.3 nmol/L between those older than 65 years of age in 1994 compared with those younger. Finally, body mass index is a negative predictor of serum 25(OH)D levels, probably because of storage of 25(OH)D in adipose tissue (6) . In line with that theory, an increase in body mass index from 1994 to 2008 was associated with a decrease in serum 25(OH)D levels in our study.
Apart from change in sun exposure and intake (and absorption) of vitamin D, the variation coefficient of the vitamin D assay, or change of assay, will obviously also influence the relation between measurements made at separate times. In a recent analysis of serum 25(OH)D levels from the National Health and Nutrition Examination Surveys in 2000-2004 and 1988-1994 , there was, depending on the age of subjects, a significant 5-20 nmol/L reduction in serum 25(OH)D levels. However, most of this apparent reduction was due to assay differences (18) . Therefore, it is a strength of our study that we used the same vitamin D assay for both the 1994 and 2008 samples and that they were analyzed during the same time period. In addition, serum 25(OH)D is known to be stable for years when stored at À70°C (16, 17) , and the similar mean serum 25(OH)D levels in samples from 1994 and 2008 demonstrates that the effect of storage was of minor importance.
In conclusion, this study shows that tracking of serum 25(OH)D is similar to that for blood pressure and serum lipids and, in particular, that most subjects with low serum 25(OH)D levels are unlikely to have a substantial improvement in their vitamin D levels over time. The study therefore provides some support for the use of a single serum 25(OH)D measurement in epidemiologic studies in which low serum 25(OH)D levels are related to future diseases and mortality. 
